Summary. Eight-cell mouse embryos were frozen rapidly to \p=n-\196\s=deg\Cin the presence of glycerol by a two-step procedure; the lower two-thirds of each tube containing embryos was placed directly from 0\s=deg\Cinto crushed solid CO2 for some time before transfer to liquid nitrogen. The cooling rate between \p=n-\10 and \p=n-\60\s=deg\Cwas~3 0\s=deg\C/min. Suitable conditions for the survival of embryos in this fashion were found to be: stepwise addition of glycerol and no seeding; 1 \ m=. \ 8 M-glycerol; 5\p=n-\30min equilibration time; 10\p=n-\30 min holding time in crushed solid CO2 ;~500\s=deg\C/minthawing rate. A relatively high proportion (62%) of frozen embryos survived after rapid thawing, but none survived slow thawing. Eight-cell embryos frozen\p=n-\thawedin this fashion and transferred to recipients developed into normal young.
Introduction
The successful preservation of mammalian embryos at low temperatures has been accomplished with suitably slow rates of cooling (0-2-0-8°C/min) and thawing (4-25°C/min) in the presence of dimethylsulphoxide (DMSO) as the cryoprotectant (Whittingham, Leibo & Mazur, 1972; Wilmut, 1972) . These rates of cooling and thawing have to be maintained over temperatures from -4 to -60°C and from -70 to -20°C respectively for optimal survival of mouse embryos (Leibo, Mazur & Jackowski, 1974) . Rapid thawing has generally been found to be much more damaging for the survival of mouse embryos than slow thawing (Whittingham et al, 1972; Wilmut, 1972) . By contrast, sheep and cow embryos can survive rapid thawing when they are slowly cooled at 0-3°C/min to temperatures between -30 and -45°C before transfer to liquid nitrogen (Willadsen, 1977; Willadsen, Polge & Rowson, 1978; (Whittingham, Wood, Farrant, Lee & Halsey, 1979) . Mouse embryos can also be preserved in DMSO by using a simple technique based upon the twostep freezing procedure (Wood & Farrant, 1980; Kasai, Niwa & Iritani, 1980 , 1981 . The present paper describes a solid C02 method of freezing mouse embryos.
Materials and Methods
Female ICR mice, aged 5-10 weeks, were induced to superovulate by intraperitoneal injections of 5 i.u. PMSG and 5 i.u. hCG, given 44-48 h apart, and were mated. The 8-cell embryos were flushed from the oviducts with a modified Dulbecco's phosphate-buffered salt solution (PBS: Whittingham, 1971a ) at 67-70 h after the injection of hCG.
The embryos were washed in several changes of PBS and 11-25 embryos were transferred to each freezing tube (10 100 mm glass test-tube) containing 0-1 ml PBS. Except where noted, the tubes were cooled to 0°C at 2°C/min in an ethanol bath, and glycerol in PBS was added to samples at 0°C in two increments of 0075 ml at 10-min intervals. The final concentration of glycerol was usually 1-8 M. After 10 min, the lower two-thirds of each tube was placed directly from 0°C into crushed solid C02 in a Dewar flask without seeding. To obtain close contact between the crushed solid C02 and the tube wall, the former was gently pressed by fingers towards the tube wall and then the Dewar flask was sealed. After samples were held for 10-30 min in crushed solid C02, they were transferred to liquid nitrogen and stored for 1 h to 3 days before thawing. The 
10°C.
After thawing, the embryos were washed at 25-30°C in three changes of PBS (2 ml/wash) at 3-min intervals and cultured by the microdrop method in a modified Krebs-Ringer bicarbonate medium at 37°C for 48 h in 5% C02 in air (Whittingham, 1971b) . Survival of the frozen-thawed 8-cell embryos was assessed by their ability to develop to blastocysts during culture. Experiments were replicated 3-6 times and data were analysed for statistical significance using 2 tests after confirmation that the results for each treatment were homogeneous. To examine the further development of 8-cell embryos frozen by the solid C02 procedure, embryos which had developed normally to blastocysts after being cultured for 40-48 h were transferred to the uterine horns (5-8 embryos/horn) of females on Day 4 of pseudopregnancy, induced by mating with a vasectomized male. The recipients were allowed to litter.
Results
Experiment 1. The effects of the number of times glycerol was added and ice-seeding on the survival of frozen-thawed mouse embryos were examined (Table 1) (Table 2 ). Embryos exposed to glycerol at 0°C for 0-1 min appeared more sensitive to freezing than those exposed for longer times (5-30 min) ( < 0-02). The higher survival rates were found after exposure to glycerol for 5-30 min and prolonged exposure (60 min) appeared to be detrimental. The equilibration time to 1-8 M-glycerol at 0°C before freezing was 10 min for subsequent studies.
Experiment 4. Embryos were held in crushed solid C02 for various periods before transfer to liquid nitrogen and thawed rapidly (Table 2) . The highest survival rates were obtained with a holding time of 10-30 min.
Experiment 5. The survival of mouse embryos after being frozen and thawed at several rates in the presence of glycerol is summarized in Table 3 . When embryos were frozen by the solid CO, procedure before rapid cooling to liquid nitrogen, a relatively high survival (62%) was obtained Wood & Farrant, 1980; Kasai et al, 1980 Kasai et al, ,1981 . Such a method has been exploited successfully to elucidate interactions between freezing and thawing rates (Farrant et al, 1977 (Wood & Farrant, 1980; Kasai et al, 1980 Kasai et al, , 1981 and are also consistent with those on the survival of rapidly thawed mouse (Whittingham et al, 1979) , sheep (Willadsen, 1977) and cattle embryos when slowly cooled in DMSO to relatively high subzero temperatures before rapid cooling to liquid nitrogen.
The major factor for cell damage at subzero temperature is generally the formation of intra¬ cellular ice during freezing and its growth and recrystallization during thawing (Mazur, 1966 (Leibo, 1977) . The present results with solid CO, freezing gave good survival after rapid but not slow thawing and suggest that some intra¬ cellular ice is formed (Whittingham et al, 1979; Wood & Farrant, 1980; Kasai et al, 1980) . The survival rate of embryos frozen in glycerol by the two-step procedure described here was similar to that of embryos frozen and thawed slowly but lower than that of embryos frozen slowly and thawed rapidly (Table 3 ). The cooling and thawing rates required for optimal survival of cell types change with the concentration of the cryoprotectant, and also differ for different cryoprotectants. Greater survival of mouse embryos with solid CO, freezing might, therefore, be obtained by changes of the freezing and thawing procedures and cryoprotectants.
It was originally reported that the survival of mouse embryos frozen slowly with DMSO required slow rather than rapid thawing, although small percentages of embryos frozen slowly could survive rapid thawing (Whittingham et al., 1972; Wilmut, 1972) . In contrast to previous findings, it has now been shown that 8-cell mouse embryos frozen slowly with glycerol can survive both slow and rapid thawing and that a higher survival rate is obtained after rapid than slow thawing. Our results are consistent with the general belief that rapid thawing of frozen mammalian cells is equal or superior to slow thawing (Meryman, 1966 ; Leibo, 1976) . When mouse morulae were frozen slowly with glycerol and thawed in PBS containing glycerol + 0-5 M-sucrose, survival for slowly and rapidly thawed embryos was similar (Kasai et al, 1981) . The previous (Whittingham et al, 1972; Wilmut, 1972; Kasai et al, 1981) and present results suggest that there may be some differences in the protective effects of DMSO and glycerol against damage of mouse embryos during freezing and thawing.
